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by laser direct deposition
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H I G H L I G H T S
• Zirconia doping greatly reduced crack
length during laser direct deposition of
alumina ceramics.
• Doping helped substantially reduce
grain size and critical flaw size within
printed ceramics.
• Deposited ceramics were toughened
due to crack interaction with zirconia
doped grain boundary.
• Design by doping was an efficient way
in tailoring properties of laser direct de-
posited ceramics.
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The ability to additivelymanufacture functional alumina ceramics has the potential to lowermanufacturing costs
anddevelopment time for complex components. In this study, the doping effects of zirconia on laser direct depos-
ited alumina ceramics were investigated. The microstructure of the printed samples was analyzed in terms of
grain size and composition distribution. The addition of zirconia was found to accumulate along alumina grain
boundaries and resulted in significant grain refinement. The zirconia doping largely reduced crack formation dur-
ing processing compared to that of pure alumina samples. In the case of 10 wt% zirconia, cracking during depo-
sition was nearly completely eliminated, but meanwhile porosity was increased. Through grain refinement and
crack reduction in 10 wt% zirconia samples, bending strength was shown to increase by nearly four times the
value obtained with pure alumina. Fracture toughness was also shown to increase by 1.5 times with addition
of 5 wt% zirconia, which was attributed to the crack interaction with zirconia doped grain boundary and stress
induced tetragonal to monoclinic transformation of zirconia. These findings indicated the potentials of dopants
during laser direct deposition of ceramics and can further be used to tailor the properties of additively
manufactured ceramic components.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Alumina ceramics are widely used in industry owing to many desir-
able qualities including excellent compressive strength, electrical and
thermal insulation, wear and chemical resistance, and relatively low
density. Excellent mechanical properties of high-purity alumina along
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with biocompatibility also make alumina ceramics a viable option for
dental and medical applications including orthopedic and dental repa-
ration [1]. Although alumina ceramics exhibit high hardness, strength,
and elastic modulus, relatively low fracture toughness hinders the ap-
plication of laser-based additive manufacturing in these materials.
A typical ceramic toughening mechanism includes crack bridging,
branching, pinning, and deflection as reported previously [2]. Also, an
important method to increase fracture strength and toughness of as-
fabricated ceramics is through addition of a secondary phase like zirco-
nia [3]. For traditionally sintered alumina, it was found that small
amounts of added zirconia resulted in microstructural refinement [4]
and improved mechanical properties of produced ceramics. In addition
to grain refinement, addition of partially stabilized zirconia has a stress-
induced transformation to monoclinic crystal structure resulting in a
volume expansion of 3–5%, which improves fracture toughness for
alumina-zirconia composites [5]. Naglieri et al. [6] found that micro-
structural features of alumina-zirconia composites, fabricated by pres-
sureless sintering, could be tailored by varying zirconia content from 5
to 20 vol%. Wu et al. [7] studied the effects of TiO2 doping on the me-
chanical properties and microstructure of laser direct deposited alu-
mina/aluminum titanate composites. In their study, it was found that
dopant percentages between 2 and 6 mol% were best for mechanical
properties including flexural strength, fracture toughness, and micro-
hardness. Wilkes et al. [8] found that by using a mixture of alumina
and zirconia at the eutectic ratio, fine grained eutectic compositemicro-
structures were achieved using selective laser melting. With high
preheating temperatures at 1600 °C, near fully dense, crack-free ce-
ramicswere fabricated. Due to the fine-grainedmicrostructure and lim-
ited defects, flexural strengthwas comparable to the reported values for
ceramics of similar composition fabricated by conventional methods.
Adding zirconia to alumina ceramics was also shown to be an effective
way of controlling the microstructure in ceramics and toughening
printed samples through crack bridging and deflection [2]. Li et al. [9]
studied microstructural characteristics of Al2O3-ZrO2 ceramics printed
with laser direct deposition with zirconia content N35 wt%. However,
previous studies on laser-based additive manufacturing of alumina ce-
ramics focused on either pure [10,11], 10wt% zirconia [2] or the eutectic
ratio [8,12,13]. Very few studies have been performed to directly com-
pare the effects of varying zirconia percentages on resultant ceramicmi-
crostructure, crack formation, and mechanical properties including
microhardness, mechanical strength, and fracture toughness. Varying
zirconia percentages may result in different toughening mechanisms,
where increased monoclinic phase at higher zirconia contents [6]
would hinder stress induced phase transformation. A optimal doping
percentage thus may exist in order to achieve highest fracture tough-
ness and flexural strength [7,14] during laser direct deposition.
Cracks observed in laser deposited ceramics are typically caused by
high thermal gradients and resultant stresses. Fan et al. [15] found
that micro-cracking in yttria stabilized zirconia ceramics can be signifi-
cantly reduced by careful selection of laser power, with an optimal laser
power between 300 and 325W found for thinwall structures fabricated
by laser engineered net shaping. Wilkes et al. [8] found that by
preheating each layer with a secondary CO2 laser beam prior to deposi-
tion,microcracking could also be eliminated in selective lasermelting of
alumina-zirconia ceramics. Again, while extensive studies were re-
ported on the effects of processing conditions, very few studies investi-
gated the effects of compositions on the crack formation.
This study proposes to directly compare the microstructural charac-
teristics andmechanical properties, in particular crack formation, of alu-
mina ceramics produced with varied zirconia doping compositions.
Thin wall and cylindrical structures were fabricated with zirconia dop-
ing content ranging from 0 to 10 wt%. The effects of zirconia content
on microstructure including cracking, porosity, and grain size were ex-
amined. Printed samples were also characterized for mechanical prop-
erties including microhardness, fracture toughness, and flexural
strength at each zirconia doping percentage. A detailed investigation
of doped zirconia distribution within the printed samples provided in-
sights in designing additivelymanufactured ceramics via doping, show-
ing the potentials of further tailoring ceramic microstructure and
mechanical properties by laser direct deposition. For example, if the ce-
ramic parts will be used in an applicationwhere it may see a substantial
bending load, a zirconia composition near 10 wt% showed potentials of
the highest bending strength due to reduced critical flaw sizewithin the
nearly crack-free samples. In critical applications where fracture tough-
ness needs to be maximized [16], a zirconia content of approximately
5 wt% proved to be best for the tetragonal to monoclinic toughening
mechanism of the zirconia phase. An example application for using
this process is to additively manufacture zirconia toughened alumina
crowns and dental implants with zirconia dopant percentage between
5 and 10wt%, where flexural strength and toughness are of high impor-
tance [16]. Finally, laser direct deposited pure alumina is best for appli-
cations where high hardness is of interest, such as wear resistant
coatings deposited onto dissimilar materials [17]. Most importantly,
this study clearly demonstrated that zirconia doping substantially re-
duced cracks developed during deposition. A combination of fewer
cracks and reduced grain size results in bending strength nearly four
times greater than that measured for pure alumina.
2. Experimental procedure
2.1. Materials
Commercially pure (N99.7%) alumina powder (A3500 UG, Almatis)
with a D50 particle size of 2.2 μmwas used in this study. Yttria partially
stabilized zirconia (TZ-3Y-E, TOSOH) was used as an additive at 5 wt%
and 10 wt% in pure alumina powders to prepare thin wall and cylindri-
cal structures in this study. Alumina (99.8%) (AD998, CoorsTek) was
used as substrates due to its thermal expansion compatibility with the
deposited materials. Alumina and zirconia powders were mixed in a
ball mill for 2 h using alumina grinding media and acetone solvent. Ac-
etone solvent was removed with a Buchi R124 rotary evaporator. Fol-
lowing rotary evaporation, the powder was calcined for 6 h in a
Lindberg furnace at 600 °C to remove any residual moisture or acetone.
Large powder agglomerates were removed by sieving powder mixtures
through a 325-mesh sieve prior to fabrication.
2.2. Experimental setup
A schematic of the experimental setup used in this study is shown in
Fig. 1. The laser direct deposition setup included a 1.7 kW computer-
controlled CO2 laser (Convergent Energy Ultimate Model) with a wave-
length of 10.6 μm and Gaussian beam intensity profile. A 3-axis com-
puter numerically controlled (CNC) motorized table was utilized for
positioning and movement control. The laser beam was focused with
a 127 mm focal length ZnSe lens to give a stable beam with 2.5 mm
spot size. Fig. 2 shows the laser direct deposition process in fabricating
ceramic components. Fig. 2A and Fig. 2B demonstrate the printing pro-
cesses for thin wall structures and cylindrical structures, respectively.
The typical obtained parts are highlighted in Fig. 2C and D, respectively.
The deposition process for thin wall structures is illustrated in
Fig. 2A. This type of structure was built using a reciprocating scan mo-
tion, where the laser head was incremented vertically after each layer
by the layer height. Powder was fed using Powder Motion Labs X2W
powder feeder, with a powder feed repeatability of b1%. Ceramic pow-
ders were conveyed to the melt pool with high-purity argon gas. Thin
wall structures were fabricated using the parameters summarized in
Table 1. It is worth noting that these optimized parameters were se-
lected based on our recent studies of the effects of processing conditions
on laser direct deposited ceramic part quality [18].
Cylindrical samples were printed to facilitate measurements of flex-
ural strength and modulus on laser direct deposited alumina ceramics.
This type of sampleswas prepared for each zirconia doping composition
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using the printing strategy illustrated in Fig. 2B. Cylinders were printed
vertically from the substrate without movement in the x- or y-
directions. The build rate in the z-direction was matched by feed rate
of the laser head to ensure consistent and uniform deposition. The pro-
cessing parameters used to deposit cylindrical structures are shown in
Table 2. The printed cylindrical samples were approximately 60 mm
in length, and the diameters ranged from 5 mm for pure alumina to
6 mm for 10 wt% zirconia content.
Thin wall structures fabricated with the aforementioned laser direct
deposition process were sectioned using a low speed diamond saw and
were then polished according to ASM standards [19]. To characterize
the typical microstructure, the printed samples were sectioned near
the middle section at a plane perpendicular to the scan direction, and
parallel to the build direction. All samples were mounted in VariDur
acrylic mounts prior to diamond saw sectioning to prevent post-
processing induced damage to the samples. Pure alumina samples
were thermally etched prior to taking images to aid in viewing grain
boundaries. No thermal etching was used for samples with zirconia
due to ease in viewing grain boundaries via zirconia placement.
The cross-sectional images of fabricated samples were taken using a
Hirox KH-8700 digital microscope. FEI Quanta 600F and Hitachi S4700/
EDAX were used for scanning electron microscopy (SEM) and energy
Fig. 1. A schematic of the laser direct deposition setup.
Fig. 2. Illustration of laser direct deposition processes for A. thin wall structures and B. cylindrical structures with typical printed parts shown in C and D, respectively.
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dispersive x-ray spectroscopy (EDS), respectively. Prior to SEM imaging,
all alumina samples were sputter coated with gold‑palladium coating
with a thickness of 25 nm for better resolution. X-ray diffraction
(XRD) analysis was performed on printed samples using a Philips X'Pert
Pro multi-purpose diffractometer. Prior to analysis, samples were
crushed to a fine powder. XRD peak analysis was done with X'pert
HighScore software. Vickers microhardness measurements were taken
on the cross-sections of polished thin wall structures printed with
each zirconia doping composition. The results were averaged over ten
indentations taken in the middle region of the cross-sections. A load of
9.8 N was applied to the sample surface and maintained for 10 s.
Crack lengths originating from the diagonals of the Vickers indenter
were measured using FIJI image processing software to calculate frac-
ture toughness of printed samples. For purposes of fracture toughness
calculations, elastic modulus was taken as 20*Hv (GPa) [7]. Flexural
strength and modulus were determined using a four-point bending
method on an Instron 5881 machine with a support span of 40 mm
and a load span of 20mmas shown in Fig. 3. Three samples of each com-
position were tested at a cross-head speed of 1 mm/min.
3. Results and discussion
3.1. Microstructural characterization
Fig. 4 shows fracture surfaces of thin wall (Fig. 4A–C) and cylindrical
(Fig. 4D–F) samples preparedwith doping compositions of 0wt%, 5wt%,
and 10 wt% zirconia. Spherical pores were present for all three compo-
sitions,whichwere typically indicative of gas entrapment during the so-
lidification process [20]. However, the frequency of pores was
significantly less for the cylindrical samples compared to that of thin
wall samples. The printing strategy used for cylindrical samples resulted
in a continuous heatflux to recently deposited layers as the lasermoved
up in the z-direction. This resulted in more gradual cooling and allow
more gasses to escape, leading to a reduction in porosity. On the other
hand, for thin wall structures, the reciprocal printing path was charac-
terized by large fluctuations in temperature at a given location during
printing process. After material was deposited, the laser heating source
quickly moved away from the location. This resulted in rapid cooling
and solidification before gasses could escape to the surface of the melt
pool. With increased laser heat input, as shown in our previous studies,
the porosity of the thin wall samples would be greatly reduced,
e.g., increasing laser power or controlling scan speed to allow more
time for gasses to escape [21].
3.2. Grain size characterization
As shown in Fig. 4, the grain size of samples dopedwith zirconia was
significantly smaller than that of pure alumina, showing that grain size
control is possible through the addition of zirconia for laser direct
deposited ceramics. The decreasing trend in grain size with respect to
zirconia content was observed for both thin wall and cylindrical
samples.
Grain size within the thin wall samples was thus further character-
ized to quantify the noticeable differences observed between different
zirconia doping percentages. Noticeable variations in grain size were
also observed across the whole cross-section as shown in Fig. 5A,
which was stitched from several optical microscope images in Fiji soft-
ware using an image stitching plugin [22]. Four typical locations were
thus chosen. Location a represents the top portion of the cross-section,
where the final layers were deposited. Location b refers to the edge of
the cross-section on the opposite side of incoming powder flow, near
the middle of the sample. Location c is directly across from location b
and is on the same side of incoming powder. Location d is in the central
region of the cross-section, between b and c, but at a slightly lower po-
sition. These locations were chosen as they were indicative of the varia-
tions in cooling conditions throughout the samples during laser direct
deposition process.
Grain size was characterized through equivalent circular area diam-
eter [23]. Fig. 5B shows the average grain size measured at each speci-
fied location for pure alumina, 5 wt%, and 10 wt% zirconia doped
ceramics. Pure alumina specimens at the location d showed the largest
grain sizes with an average equivalent circular area over 100 μm. The
samples doped with zirconia showed significantly decreased grain size
at all four locations. At the location d, the average grain size of the sam-
ples containing 5 wt% zirconia was 23 μm, with the grain size of 10 wt%
zirconia doped samples slightly smaller at an average of 18 μm. The sig-
nificant reduction in grain size can be attributed to the fact that the in-
troduced zirconia dopants reduced grain boundarymobility [24,25] and
grain growth rate during solidification. Meanwhile, the relatively lower
thermal conductivity due to zirconia dopants [26] decreased the size of
laser heat affected zone and further lowered the possibility of grain
growth within the previously deposited ceramic layers during printing
process [27,28]. These combined led to the finer microstructure ob-
served after doping alumina samples with zirconia.
An obvious variation in grain size was also observed across the same
sample for each composition as seen in Fig. 5B. This result was typically
observed in additively manufactured specimens, especially for directed
energy deposition (DED) methods [29]. The variation in grain size was
due to non-uniform solidification caused by differences in heating and
cooling conditions across the samples. Boundary conditions imposed
on the samples during deposition in this study included high laser en-
ergy input from the top, a continuous stream of cool argon gas and pow-
der on one side, ambient temperature in the build chamber on the other
side, and significant cooling through the substrate on the bottom. These
combined led to highly diverse solidification characteristics within the
same samples. It was also observed in Fig. 5B that the grain size
Table 1
Process parameters for fabrication of thin wall structures.
Laser power (W) 275
Laser spot size (mm) 2.5
Scan speed (mm/min) 1000
Powder flow rate (g/min) 2.1
Table 2
Process parameters for fabrication of cylindrical structures.
Laser power (W) 275
Laser spot size (mm) 2.5
Feed rate (mm/min) 8
Powder flow rate (g/min) 2.1
Fig. 3. Experimental setup for four-point bending test to measure flexural moduli and
strength of the fabricated alumina ceramic samples.
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variation was most pronounced in the pure alumina samples, with considerably less variation for the samples doped with 5 wt% and
10 wt% zirconia.
Fig. 4. SEM fractographs of thinwall samples printedwith A. 0 wt%, B. 5 wt%, and C. 10wt% zirconia, and fractographs of cylindrical samples printedwith D. 0 wt%, E. 5 wt%, and F. 10wt%
zirconia.
Fig. 5. A. Opticalmicrograph of the cross-sectional viewof a typical 10wt% zirconia sample showing the four locations chosen formicrostructural characterization and B. Variation of grain
size for each specified cross-sectional location with respect to zirconia percentage.
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3.3. Composition characterization
A detailed X-ray diffraction (XRD) analysis was performed for as-
received alumina and zirconia powders as well as all printed samples
as shown in Fig. 6. Only α-alumina phase was detected consistently
for the as-received alumina powders and all printed samples including
pure, 5 wt% and 10 wt% zirconia doped alumina ceramics. Meanwhile,
no obvious difference was observed for the doped zirconia before and
after processing. In comparison of the as-received zirconia powders
and the doped samples, both tetragonal andmonoclinic zirconia phases
were found with similar XRD patterns observed in Fig. 6.
The elemental composition for the thinwall samples dopedwith dif-
ferent zirconia was also characterized by EDS. Fig. 7 shows the SEM im-
ages with the corresponding EDS mapping for primary elemental
constituents. As expected, the pure alumina sample showed only alumi-
num and oxygen. In contrast, the samples doped with zirconia not only
showed aluminum and oxygen but also included zirconium, located ex-
clusively along grain boundaries. During cooling and solidification, the
zirconia phase precipitated out and segregated along alumina grain
boundaries, forming the interface occupied by the added zirconiawithin
laser melted and solidified alumina ceramics [30]. This effect was ob-
served consistently across the fabricated alumina samples doped with
both 5 wt% and 10 wt% zirconia.
Additional detailed investigation of the formed grain boundaries
was performed. As shown in Fig. 8, both the 5 wt% and 10 wt% zirconia
doped samples exhibited two distinct phases: a light phase along grain
boundaries and a dark alumina phase. The elements of these two phases
were analyzed with the locations of detection highlighted in Fig. 8. The
location 1 showed the alumina phase in the grains while the location 2
showed the light phase along the grain boundaries. From the results
summarized in Fig. 8C and Fig. 8D, a relatively consistent compositional
distribution of primary elements was found in both the alumina phase
and the light phase along grain boundaries. The added zirconium ele-
ment was only found along the grain boundaries. Interestingly, alumi-
num was also detected within the light phase along the grain
boundaries, possibly attributed to the formation of Al2O3-ZrO2 eutectic
colonies. A more obvious eutectic structure was observed in the
highlighted region in Fig. 8D for the 10 wt% doped samples. Compared
to the 5 wt% doped samples, a higher concentration of zirconia was
found along the grain boundaries of the 10wt% doped samples, thus in-
creasing the possibility of the formation of eutectic structure. Mean-
while, the alumina phase exhibited an oxygen deficiency due to the
formation of oxygen vacancies during melting, which was also recently
foundduring deposition of yttria stabilized zirconia (YSZ) ceramics [15].
A post-annealing process is expected to restore the oxygen content and
eliminate the vacancies.
3.4. Characterization of crack formation
A critical issue for brittle ceramics is their high tendency to form
cracks due to very high cooling rates present during laser direct deposi-
tion process [10], which can be up to 105 K/s. High cooling rates induce
internal stresses in the deposited part, and if the stresses are sufficiently
high, crack initiation and propagation may occur. Internal cracks pro-
duced during fabrication are critical defects, severely limiting the me-
chanical strength of the fabricated samples. Traditional sintering
methods typically use additives/dopants to densify and control the mi-
crostructure and properties. The addition of a secondmaterial could po-
tentially induce interfacial crack-bridging and bifurcation mechanisms
[2,6,31] and toughen the obtained ceramics. Thus, the effect of zirconia
doping contents on the crack formation was explicitly investigated for
the laser direct deposited alumina ceramics in this study.
Fig. 9 shows typical cross-sectional crack patterns for all three com-
positions fabricated at a laser power of 275 W and a scan speed of
1000 mm/min. For each composition in Fig. 9, the crack formation was
further highlighted and used for crack length measurement. The pri-
mary types of cracks found in this study were microcracks that only
propagated a short distance and were only visible at high magnifica-
tions, as well as macrocracks that were significantly longer and much
more pronounced. Pure alumina specimens showed a high tendency
to develop cracks distributed across thewhole sample, which are clearly
visible in Fig. 9A with a few typical macrocracks indicated by arrows.
The cracks were typically transverse (along the horizontal direction)
with crack bifurcation into the longitudinal (vertical) direction ob-
served. In contrast, with the addition of zirconia, the occurrence of
cracks was obviously reduced for the sample dopedwith 5 wt% zirconia
as shown in Fig. 9B. After the zirconia was increased to 10 wt%, there
were almost no noticeable cracks as shown in Fig. 9C.
The total crack length was measured and summarized in Fig. 10 for
each composition. The number of cracks was also counted and used to
calculate the average crack length as shown in Fig. 10. The total crack
length for pure alumina was nearly 19 cm but was reduced by about
50% after adding 5wt% zirconia. Only a total crack length of 0.15 cm (re-
duction by 99%) was observed after further increasing zirconia content
to 10 wt%. The great reduction in crack formation could be attributed
to the fact that the zirconia doping significantly refined the microstruc-
ture as seen above, whichwas expected to strengthen the deposited ce-
ramics. In the meantime, the dopants that accumulated along the grain
boundaries also helped toughen the alumina ceramics as further
discussed below, thus making them less sensitive to thermal stresses
during deposition through interfacial crack-bridging and bifurcation
mechanisms [2,6,31]. These combined led to much fewer and shorter
cracks observed here and showed the potentials as an alternative way
to tailor the properties of laser direct deposited ceramics via dopants.
Interestingly, in comparison of pure alumina ceramics and the sam-
ples doped with 5 wt% zirconia, only a small variation in the average
crack length was observed in Fig. 10. This is likely due to the relatively
small amount of zirconia that was only sufficient to inhibit crack initial-
ization but not crack propagation. In contrast, by further increasing zir-
conia contents to 10 wt%, not only was crack initiation hindered but
crack propagation was likewise influenced. Further studies will be per-
formed to examine the different cracking mechanisms exhibited due to
zirconia doping during laser direct deposition process.
3.5. Porosity and density characterization
To study the doping effect on the densification of the printed sam-
ples, porosity, pore size distribution and density were investigated for
all thin wall samples including pure, 5 wt% and 10 wt% zirconia doped
alumina samples. Porosity measurements were taken on optical
Fig. 6.XRD peak patterns for printed alumina samples dopedwith different percentages of
zirconia. As-received alumina and zirconia powders are both characterized for
comparison.
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micrographs of the polished cross-sections of thinwall samples. The op-
tical micrographs were first processed in Fiji image processing software
by binarizing/thresholding to highlight pores as shown in Fig. 11. Pore
area percentage was then measured using a particle analysis function.
All printed samples showed gas porosity trapped during the deposition
process.
Themeasured porosity in Fig. 12A increasedwith increasing zirconia
doping percentages. The porosity change could be attributed to the dif-
ferent vapor pressures of alumina and zirconia during melting [32],
resulting in inclusion of gas pores. Alumina has a much lower melting
point (2135 °C) with its boiling point (2977 °C) [33] only about 260 °C
lower than the melt point of zirconia (2715 °C). Under high irradiance
during laser melting, vaporization of alumina is easily reached, creating
additional gas bubbles within themelt before solidification and thus in-
creasing porosity. Thiswill also result in a higher concentration of zirco-
nia in the final parts, in consistence with findings reported by Niu et al.
[34] for eutectic alumina-zirconia ceramics. Meanwhile, the viscosity of
the melt [35] is expected to be altered after the addition of zirconia and
may contribute to increased porosity aswell as different pore size distri-
bution in Fig. 12B. A weighted histogram of pore size distribution is
shown. The pore size was calculated by converting the measured area
of individual pores into an equivalent circular diameter [23]. The histo-
gram was normalized by the entire cross-sectional area analyzed.
Hence, the height of each bar represented the area fraction of pores
within the corresponding pore size range. Pure alumina samples exhib-
ited a relatively uniform distribution of pore size ranging from
approximately 1 μm up to above 30 μm. The addition of zirconia to alu-
mina obviously increased the percentage of pores smaller than 25 μm.
Further increasing zirconia to 10 wt% dramatically increased the per-
centage of pore size larger than 30 μm, mainly attributed to the forma-
tion of interconnected pores as seen in Fig. 11C with a decrease of
smaller pores found in Fig. 12B. Further studies will also be performed
to investigate the effect of dopants on themelt viscosity and its relation-
ship with porosity during laser direct deposition of ceramics.
Density was determined via Archimedes' method. Relative density
was calculated through dividing the measured density by the theoreti-
cal density of each sample. Here, the theoretical density values were
taken as 3.97 g/cm3 [36] and 6.05 g/cm3 [37] for alumina and zirconia,
respectively. The theoretical density for zirconia doped sampleswas cal-
culated using the rule ofmixtures [38]. Themeasured relative density in
Fig. 13 decreased with an increase of zirconia doping percentage, attrib-




The effects of zirconia doping were also studied in terms of the me-
chanical properties of the additively manufactured alumina ceramics.
The measured average microhardness (Hv) for alumina ceramics with
each composition is shown in Fig. 14. Pure alumina showed the maxi-
mum hardness of all printed compositions with an average value of
Fig. 7. Scanning electronmicrographs and EDS elementalmapping illustrating the primary composition of alumina ceramics fabricated for A. Pure alumina, B. 5wt% zirconia, and C. 10wt%
zirconia.
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1880 Hv, comparable to the reported values obtained by traditional
sintering methods [39]. With an increase of zirconia dopants, the mea-
sured average hardness values slightly decreased, reaching 1680 Hv
for the samples doped with 10 wt% zirconia. It is worth noting that
thedecrease in hardness occurred despite the reduction in grain size ob-
served above. It generally followed the declining trend predicted by the
volumetric rule of mixtures (RoM) [40] as
Hc ¼ f AlHAl þ f ZrHZr ð1Þ
where Hc denotes the hardness of the deposited alumina ceramics. fAl
and fZr are the volume fractions of alumina and zirconia, respectively.
HAl and HZr are the effective hardness of alumina phase and zirconia
phase, respectively. The hardness of alumina was taken as 1850 Hv
[39] and the hardness of zirconia was taken as 1350 Hv [41] for the
RoM calculation here. By increasing the percentage of the softer zirconia
phase, the overall predicted hardness of the composite decreased as
seen in Fig. 14. As zirconia dopants further increase, the decreasing
trend in hardness is expected to continue before reaching eutectic
Fig. 8. SEM images of printed samples doped with A. 5 wt% and B. 10 wt% zirconia with C and D showing the elemental compositions of 5 wt% and 10 wt% samples, respectively. The
locations 1 and 2 highlight the detected spots for grains and grain boundaries, respectively.
Fig. 9. Cross-sectional cracks (left) as highlighted for crack length analysis (right) within typical samples printed at a laser power of 275 W and a scan speed of 1000 mm/min: A. pure
alumina, B. 5 wt% zirconia, and C. 10 wt% zirconia.
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ratio, where the microstructure was expected to be more significantly
refined and may alter the trend [7].
In comparison to the predicted hardness values, the measured
values decreased slightly more rapidly as shown in Fig. 14, particularly
for the samples doped with 10 wt% zirconia, i.e., a measured value of
1680 Hv as opposed to a predicted value of 1835 Hv. This can be attrib-
uted to the fact that the predicted values were calculated based on the
initial zirconia doping percentages, i.e., 5 wt% and 10 wt% in this
study. However, the zirconia in the actual deposited samples may turn
to be richer than initially doped percentages. Partially stabilized zirconia
has a significantly higher melting point (2715 °C) compared to alumina
(2072 °C). Thus, more evaporation of alumina during deposition poten-
tially resulted in a higher concentration of zirconia in the final samples,
as similarly observed by Niu et al. [34] during deposition of Al2O3-YAG
eutectic ceramics. As the hardness of zirconia is lower than that of alu-
mina, a concentration of zirconia could lower the effective hardness in
comparison to the predicted values calculated based on the theoretical
5 wt% and 10 wt% in this study. Further studies will also be performed
to study the composition change during laser direct deposition of alu-
mina ceramics with dopants.Fig. 10. Total and average crack length of samples printed with each zirconia doping
composition.
Fig. 11. Optical micrographs (left) and corresponding processed images for pore characterization (right) of A. pure alumina, B. 5 wt% zirconia and C. 10 wt% zirconia doped samples.
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3.6.2. Fracture toughness
As suggested from the characterization of crack formation above, the
doped zirconia potentially toughened the alumina grain boundary and
thus exhibited significantly fewer and shorted cracks observed. The
fracture toughness of the fabricated samples with different composi-
tionswas thusmeasured. As shown in Fig. 15, the length (l) of palmqvist
cracks induced by Vickers indentation on the polished surface of thin
wall samples was first measured for each zirconia doping composition.












where H is the hardness. ∅ ≅ 3 is a constant. E is Young's modulus, ap-
proximated as E ≅ 20 ∙ H [7]. a denotes the indent half diagonal. It is
worth noting the dark phase with nearly circular shape corresponded
to the pores observed in the fabricated thin wall samples in Fig. 11.
As shown in Fig. 16, the measured fracture toughness greatly in-
creased after adding the zirconia as dopants, indicating obvious tough-
ening effects on the fabricated alumina samples. The fabricated pure
alumina samples exhibited a value of 2.6 MPa*m1/2. It increased to
3.8 MPa*m1/2 (by about 46%) after adding 5 wt% zirconia. A similar
trendwas also observed for laser deposited alumina/aluminum titanate
composites [7]. The increase in fracture toughness was attributed to the
zirconia dopants that accumulated along alumina grain boundaries,
which interacted with crack formation and promoted crack deflection,
crack bifurcation, and crack pinning, as typically observed in Fig. 15B
and Fig. 15C for the samples doped with 5 wt% and 10 wt% zirconia, re-
spectively. Crack deflection and bifurcation consumed much of fracture
energy during crack formation and thus toughened the ceramics. In con-
trast, these tougheningmechanisms were primarily absent for the pure
alumina sample with crack deflection observed in Fig. 15A. Besides the
crack interaction with the zirconia doped grain boundary, a stress in-
duced phase change of tetragonal zirconia (as detected above in the
printed samples) into the monoclinic crystal structure was also found
in previous studies [5], leading to a volume expansion of 3–5% and
shear strain of approximately 7%. The compressive stresses induced by
the volume expansion consumed more fracture energy and resulted in
the observed toughening effect. These also helped explain the signifi-
cantly reduced crack formation after adding dopants in the fabricated
alumina samples as discussed above.
It is also worth noting that with a further increase in zirconia to
10 wt%, the fracture toughness slightly decreased to 3.4 MPa*m1/2 in
comparison to that of 5 wt% dopants. An initial increase followed by a
decrease in fracture toughness was commonly observed in traditionally
sintered alumina-zirconia ceramics [5,6,43]. A similar toughening
mechanism was also expected to exist for the laser direct deposited
Fig. 12. Porosity analysis of samples printed at a laser power of 275W and a scan speed of 1000 mm/min, where A. shows porosity area percentage measured at the middle region of the
samples, and B. is a weighted histogram showing pore size distribution.
Fig. 13. Relative density of printed samples at each zirconia doping percentage.
Fig. 14. Effect of zirconia doping on hardness of each composition in comparison to the
hardness values predicted by the volumetric rule of mixtures.
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alumina ceramics here. The benefits of zirconia addition on toughness
are limited by the amount of zirconia present in the fabricated samples.
If too much zirconia is present, the ratio of monoclinic to tetragonal zir-
conia increases and will limit phase transformation toughening effects
[6], resulting in slightly lower toughness values. Therefore, it is neces-
sary to design zirconia doping and further tailor the fracture toughness
of additivelymanufactured ceramics via laser direct deposition. It is also
worth noting that although yttria (3 mol%) was added in the initial
powder to partially stabilize tetragonal zirconia [44], further studies
will be needed to evaluate its effect on the final alumina samples after
going through the full melting and solidification cycles during deposi-
tion process.
3.6.3. Flexural modulus and strength
The flexural moduli and strength of the deposited cylindrical alu-
mina samples were also measured through four-point bending tests
discussed above. The measured values for each doping composition
are summarized in Fig. 17. The flexuralmodulus decreased dramatically
with the addition of zirconia, from approximately 150 GPa for pure alu-
mina down to 32 GPa for the 10 wt% zirconia doped samples. As the
modulus of alumina phase (370 GPa [45]) was much larger than that
of partially stabilized zirconia phase (210 GPa [46]), increasing the per-
centage of softer zirconia dopantswould decrease the effectivemodulus
of the alumina samples. In contrast, with an increase in zirconia per-
centage, a substantial increase in flexural strength was observed, from
an average value of 58 MPa for the pure alumina samples to 208 MPa
for the samples doped with 10 wt% zirconia.
It is worth noting that the measured flexural modulus and strength
of the laser direct deposited alumina ceramics were much lower than
those reported for the traditionally sintered alumina ceramics [45,46].
The primary factor contributing to the large difference was the critical
flaw size present within the deposited alumina samples, often related
to the defects formed during the deposition process, e.g., residual
pores and cracks. Thus, the critical flaw size (C) of the fabricated sam-
ples was further approximated by Griffith criterion to characterize the





where KIC is the fracture toughness and σf is the flexural strength. The
values of fracture toughness, flexural strength, and the calculated criti-
cal flaw size are summarized in Table 3. The critical flaw size for pure
alumina was largest, corresponding to the lowest flexural strength ob-
served amongall three different compositions.Meanwhile, the obtained
critical flaw size for 10 wt% zirconia doped samples was significantly
lower than those of both pure alumina samples and 5 wt% zirconia
doped samples. The trend here correlated well with the findings for
crack formation seen in Fig. 10, where the deposited pure alumina sam-
ples showed largest crack length, and the average crack length of both
pure alumina samples and 5 wt% zirconia samples was greatly higher
than that of 10wt% zirconia samples. These cracks, as one critical defect
formed during deposition process and captured as the critical flaw size
here, would act as pre-existing defects during bending tests. The in-
crease of pre-existing cracks would severely limit the ceramics ability
to withstand tensile stresses generated under bending tests, leading to
the brittle failure of the samples at much lower loads [47] as
Fig. 15. Typical indentation crack patterns for A. Pure alumina, B. 5 wt% zirconia, and C. 10 wt% zirconia.
Fig. 16. Effect of ZrO2 doping contents on the fracture toughness of the fabricated alumina
samples. Fig. 17. Effect of ZrO2 doping contents on flexural modulus and strength.
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demonstrated by the lower flexural strength measured in Table 3. It is
also worth noting that while further studies are still needed to further
understand the mechanisms of defect formation, the addition of zirco-
nia dopantswas shown as one efficientway of reducing the defects, par-
ticularly crack formation, which is one critical issue during laser direct
deposition of brittle ceramic materials.
The significant reduction in critical flaw size observed for larger zir-
conia doping contents could be attributed to the grain refinement ob-
served in Fig. 4. For the cylindrical samples, the 10 wt% zirconia doped
composition exhibited the smallest grain size. Through grain refine-
ment and thus reduction in critical flaw size, zirconia greatly improved
the flexural strength of the deposited ceramics [48]. The results also
well demonstrated that zirconia doping helped tailor the microstruc-
ture and resultant mechanical properties of laser direct deposited
ceramics.
4. Conclusions
This study investigated the effects of zirconia dopants on laser direct
deposited alumina ceramics. Significant grain refinement was achieved
by adding low amounts of zirconia. Average grain sizes were 100 μm,
23 μm, and 18 μm for pure alumina, 5 wt%, and 10 wt% zirconia doped
samples, respectively. Grain size was primarily affected by decreased
grain boundarymobility and thermal conductivitywith increased zirco-
nia doping amounts. Addition of zirconia also reduced the prevalence of
cracking compared to pure alumina samples. Crack prevalence was
highly dependent on zirconia content, where the samples doped with
10wt% zirconia were nearly crack-free. The zirconia dopants, which ac-
cumulated along alumina grain boundaries as confirmed by detailed
composition analysis, interacted with crack formation and helped
toughen the bulk structures through the tetragonal tomonoclinic trans-
formationwithin the printed samples.Meanwhile, the addition of zirco-
nia dopants increased porosity and altered pore size distribution. Grain
refinement obtained by increasing zirconia content, accompanied by
greatly reduced critical flaw size, was shown to substantially improve
flexure strength from 58 MPa for the pure alumina samples to
208 MPa for the samples printed with 10 wt% zirconia. Added zirconia
was also shown to improve fracture toughness substantially, with the
highest KIC values recorded for a zirconia dopant content of 5 wt%.
This study showed that zirconia dopants can be used to tailor micro-
structure and mechanical properties of additively manufactured alu-
mina ceramic samples. The insights gained provided further
opportunities in designing ceramic components fabricated by laser di-
rect deposition via doping to meet the specific requirements for a vari-
ety of applications.
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